Abstract: Plasma transferred arc welding (PTAW) is one of the outstanding overlay coating technique used in numerous industries including pressure vessel, automotive, chemical, nuclear, etc. owing to its superior characteristics, low dilution and high efficiency in the coating. In the present investigations, an effort is made to investigate the multitrack overlay deposition by PTAW on 16 mm thick 316 L plate by CO-Cr alloy. Samples are produced under different processing conditions, as per full factorial central composite design of experiment with preheating of 200°C by maintaining the interpass temperature 250°C. Effects of transferred arc current, welding travel speed, powder feed rate, welding oscillation speed and stand-off distance on weld bead shape parameters comprising of width of deposition and reinforcement are presented and discussed based on experimental observations and fitted model. Relationship between the input process parameters with deposition characteristics is also presented in the form of regression equation. Lower current (100-120 A), intermediate travel speed (120-140 mm/min), intermediate powder feed rate (12-14 gms/ min), lower oscillating speed (450-550 mm/min) and lower stand-off distance (6-8 mm) would give better deposition characteristics with minimum distortion, less residual stresses, no surface defects with strong metallurgical bond.
Introduction
The gradual degradation of materials due to wear, abrasion, erosion and corrosion normally exists by relative motion and chemical reactions thus damaging the solid surface of component. It commonly occurs to the key industrial elements such as valve seat, collars, stem, pipes, valve surface, etc. thereby reducing the service life of components. To enhance the operating life of such components, various surface modification methods are employed where the surface exposing to such harsh environments is protected by depositing superficial alloys on the surface with the benefit of welding techniques [1] [2] [3] . Surface modifications methods like nitriding, carburising, thermal spray, laser surfacing and alloying, high-velocity oxygen-fuel and overlay techniques like cladding, hardfacing by plasma transferred arc welding (PTAW), gas tungsten arc welding (GTAW) or tungsten inert-gas welding (TIGW), oxyacetylene gas welding (OAW), submerged arc welding (SAW) have been widely applied in industries to improve the wear, abrasion, erosion and corrosion resistance of materials in aggressive environments [4] . The most common welding technologies implemented for overlay are the OAW, TIG, SAW and the PTAW [5] . Alternatively, the available arc welding methods such as submerged, shielded metal and flux core are low cost processes but reproduces high thickness of overlay with higher melting of substrate materials thus producing higher dilution which limits their applications in severe working conditions [2] .
The hardness, cavitations erosion and erosion-corrosion resistance of low-cost steel substrates can be improved by surface modification [4] . Applying hard surface coating on substrate material for wear and corrosion resistance to metal with the aids of welding techniques is the basis of overlay [5] . Among various surface overlay technologies, the alloy coatings prepared by PTAW has drawn large amounts of attention [4] . As powder is being used as a filler material, PTAW offers more flexibility among various available welding techniques [6] . Although this technique is quite attractive in industrial applications, the parameters like travel speed, welding current, substrate preheating, oscillation amplitudes, nozzle to work distance and choice of a welding gas are subjective to final microstructure and phases of coating [7] . Compared to thermal sprayed coatings, PTAW overlays possess a lower production cost and a higher productivity [8] [9] [10] . PTAW is a distinctive process for overlay and has found enormous applications in numerous industries [2] . It enables a thick localized hardfacing heat treatment that is principally beneficial for improving surface resistance to wear and abrasion [2, 7] . PTAW has several advantages such as low cost, easy operation, high efficiency, synchronized powder-feeding mechanism and automation simplicity [6, 10] . PTAW overlay techniques can be efficiently used in almost all metals that are meant to produce high wear resistant coatings by superficial alloys on the required substrate material [2, 10] . The PTAW overlays are generally thicker than laser-induced overlays and there is a metallurgical bond between the substrate and the coating, improving their impact-resistance [8, 9] . PTAW is also one of the repairing techniques used for the restoration of wornout surface and also being used as additive manufacturing process. Repair of cracks in nozzle set of helicopter engine, repair of propeller shaft, etc. are few examples of PTAW process [6] . In PTAW overlay, minimum dilution took place (less than 10%) whereas for other hardfacing techniques the amount of dilution is 10-30% [10] .
The PTAW technique for deposition of high-performance coatings has been attempted by Tu et al. [2] in which Taguchi-regression method is used to develop optimal PTAW process for obtaining high hardfacing quality characteristics. However, no valid conclusions were drawn based on deposition parameters and weld bead characteristics. Mandal et al. [6] conducted the experiments to deposit SS304L powders on SS316 plates by varying process parameter of PTAW. The effect of process parameters on dilution, deposition geometry and bead continuity was observed in their research however, the design of experimentation (DOE) approach is missing in their investigations. Literature also includes the use of response surface methodology (RSM) to predict the effect of processing parameters on the dilution obtained by developing the mathematical regression equation for the prediction of optimum values of input process parameters [5] . Bharath et al. [11] used DOE technique for investigations of effects of process parameters on dilution only. Siva et al. [12] made an attempt to optimize the process parameters to achieve desired bead geometry variables by genetic algorithm with experiments performed by central composite rotatable full-factorial design matrix and mathematical models were prepared based on regression analysis for minimization of penetration and maximization of reinforcement, however, effect of processing parameters is not studied in their work.
The comparative study on the influence of welding techniques is carried out by Deng et al. [13] and Balasubramanian et al. [14] . It is stated that, the deposition carried out by PTAW technique shows superior characteristics. Deng et al. [13] made the comparison based on fatigue life of overlaid surface and the analysis of constituent's microstructural phases, the deposition were carried out by OAW and PTAW technique and it is observed that the coating produced by PTAW showed superior characteristics compared to OAW. Balasubramanian et al. [14] used analytical hierarchical process for comparison of five different welding processes namely SMAW, GMAW, GTAW, SAW and PTAW, by measuring dilution experimentally and it is found that the PTAW performs better compared to the other welding processes concerning the less dilution. Erosion corrosion behaviour of the deposited coating were carried out by recirculating impinging jet equipment and the effect of abrasive particle size is examined by Ramachandran et al. [15, 16] . The effects of abrasive particle size, slurry concentration, slurry bath temperature and speed of rotation on the abrasive slurry wear behaviour were studied. Balasubramanian et al. [17] also studied the behaviour of coating and found that the slurry concentration had the prominent effect on wear compared to other parameters. Also, the wear behaviour of PTAW coating was investigated by Fernandes et al. [18, 19] . The studies concerning the effect of process parameters consist of Balasubramanian et al. [5] , Mandal et al. [6] , Bharath et al. [11] , Tosun [20] , Buytoz et al. [21] , Celik [22] , Fernandes et al. [23] studied effect of arc current on microstructure and wear characteristics of a Ni-based coating deposited by PTA on grey cast iron, etc. However, research work related to the use of the PTAW in the past are limited considering broad overview of effects of process parameters on deposition characteristics. The process of overlay should be meant at high deposition rate and a strong bond between the base metal and deposit. Hence, for improved weld qualities of the overlay selection of process parameters is very important. In this experimental study, effects of five process parameters namely, transferred arc current, travel speed, powder feed rate, oscillation speed and stand-off distance on weld deposition characteristics are investigated. In the next section, detailed experimental approach is presented which includes information about the machine, materials, DOE, process parameters with their ranges and experimentation.
Materials and methods
Experimental investigations coupled with parametric and statistical analysis plays an important role to understand the effect of process parameters so as to obtain the defect free coating with desired tribo-corrosion and mechanical properties. It is proved that, efficient use of the statistical DOE techniques helps to develop an empirical relationship between the chosen parameters however, the use of DOE strategies coupled with statistical techniques were rarely applied for improvement in the overlay quality. Hence, in this investigation, the DOE is used to plan the experiments for exploring the interdependence of the process parameters. Also, an attempt has been made to understand the effect of PTAW process parameters on the deposition parameters of Stellite 6 on SS 316 L steel. The present work deals with multi-parameter multitrack sample investigations, which aim at investigations on deposition parameters of PTAW hardfacing for cobalt-based powder.
PTAW machine
The PTAW process employs a water-cooled constrictor nozzle, non-consumable tungsten electrode present inside the torch, shield gas for the protection of the molten pool and the plasma gas. The powder is used as a filler material which is transported through a gas to the arc region to produce the coating. The quality of the weld is controlled by various parameters of the process like gas flow rate (shield gas, plasma gas and carrier gas), rate at which powder being supplied to arc region, transferred arc current, stand-off distance, work travel speed, welding torch oscillation or waiving speed, etc. By proper controlling these process parameters, high quality deposits with required tribo-corrosion properties and weld bead characteristics of deposits can be achieved. Apart from this, the geometrical configuration of substrate also has significant effect on PTAW process parameters [6] .
To carry out the investigations, a fully automated PTAW machine available with the KOSO India Pvt. Ltd., Ambad, Nashik (a valve manufacturing industry), made by Primo automation Ltd., is utilized. This technique have been used for the surfacing of parts i.e. valve seat, collars, sleeve and couplings, employed for the surfacing of valves and components. The experimental set up and various units of the machine are shown in Figure 1 .
Materials
The material used for manufacturing the components of engineering application exposed to severe working conditions should possess weldability and good corrosion and wear resistance properties. Material which is exposed to corrosive media is made up of stainless steels, duplex stainless steel, Inconel, low alloy steels, high alloy steel, plain carbon steels, etc. The coating of cobalt or nickel based alloy is generally prepared on the substrate materials. The 316 L stainless steels are commonly used materials in hydraulic systems due to its good corrosion resistance. However, the microhardness of 316 L stainless steel is low, which usually corresponds to the low cavitation erosion and erosion-corrosion resistance. 316 L stainless steel cannot meet the service requirements in liquid and slurry environments. Surface modification of this kind of material provides an effective solution to these problems leading to enhance its service life [4] .
Stellite 6 is Co-Cr-W-C alloy, which shows outstanding behaviour in many aggressive services and has wide range of applications [24, 25 and 26] . Stellite 6 shows exceptional performance in erosion or corrosion by cavitations and galling and hence generally used in valve trims, pump sleeves, pipes, pressure vessel parts and liners, etc. The deposition on 316 L stainless steel by Stellite, which is CO-Cr alloy possess good weldability [27] . Hence, for the industry application point of view it is necessary to focus on the deposition characteristics of this superficial alloy by PTAW. For the present investigations, ASTM 316 L of thickness 16 mm plate is used as a substrate material and Stellite 6 powder of size 45-125 µ is used as a coating material. The nominal composition of substrate material and powder is as shown in Table 1 .
Effective process parameters and their working limits
Selection of appropriate ranges of welding process parameters are of prior importance to obtain required mechanical properties and microstructure of layered matrix. The process of overlay should be aimed at achieving a strong bond between the deposit and the substrate metal with a high deposition rate, low dilution, less distortion and defect free surface [28] . During the overlay deposition, the properties and microstructure of the deposited layers depends on heat input and process conditions such as preheat temperature, interpass temperature, cooling rate, etc. The heat input supplied to the substrate by PTAW at instance during overlay depends on arc current, arc voltage, powder feed rate, stand-off distance, travel speed, torch oscillation speed, etc. The composition and properties of overlaid layer is strongly influenced by the dilution obtained, which depends on the thermal characteristics of substrate material, overlay material and exposed environmental conditions. Amongst the available welding processes, PTAW deposition process is superior in dilution as the dilution obtained is lower in PTAW [5, 10, 28] . Coatings deposited by the PTAW present high quality, competitive wear-resistance and high stability of properties at high temperature [13] . Thus, dilution obtained by PTAW is not a major concern; however it is required to control the deposition parameters, geometry, distortion, thermal stresses and defects. To identify the main influencing process parameters and their appropriate ranges for further experimentation and investigation by DOE, trial experiments are performed along with the support of literature. The process parameters selected for the experimentations are, heatproducing factor i.e. transferred arc current (A), welding speed corresponding to travel speed (mm/min), overlay material flow rate i.e. powder feed rate (gms/min), torch oscillation speed (mm/min) and stand-off distance (mm). By varying the selected process parameters in between the available ranges, the deposition is prepared in the form of layers on the substrate material. The weld bead geometry, its appearance, surface irregularities, solidification cracks, distortions and defects are examined by visual inspection and dye penetration test. To avoid the distortion effect, the specimen plate of 16 mm thickness is employed for the experimentation as the thickness of the substrate plays a vital role in distortion and thermal stresses induced during operation. In addition, to mitigate the chances of solidification cracks a preheating of about 200°C is applied on the substrate plate and interpass temperature of 250°C is maintained during the deposition.
During the trial experimentation, bead contours, surface defects, bead appearance, homogeneousness, melting and fusion of powder, heating of tungsten electrode, bonding of overlaid powder with substrate, defects like spatter, undercut, holes, etc. are inspected for the different combinations of process parameters by PTAW overlay in between the available ranges. The effects of process parameters on the distortion with surface defects are observed and examined by visual inspections and dye penetration test. Following inferences are drawn during trial operation and examination of overlay surface by dye penetration test to set the range of considered process parameters. The preliminary effect of each parameter in wide range is described in following subsections.
Selection of operating range for transferred arc current
If the transferred arc current greater than 180 A, undercut, spatters, distortions are noticed on the weld bead surface with possibly higher residual stresses. This is attributed because heat energy supplied for producing the arc at constrictor nozzle increases with transferred arc current. This increased heat input to the substrate material develops maximum residual stresses thereby causing the specimen plate to bend. The prominent effect of heat supplied on melting of substrate materials is found in the investigations. With the increasing current, the melting of substrate material increases leading to complete fusion of the powder supplied at that instant with the substrate surface causing higher deposition and undercuts. Also, the weld overlay contact angle decreases, which is probably due to higher dilution or penetration.
Consequently, at arc current less than 100 A the heat energy supplied is less, causing incomplete melting of powder and less bonding of deposited layer with the substrate material. When the arc current was less than 100 A, the weld overlay contact angle increases with higher build up reinforcement of deposited layer, which is probably due to less dilution, less wetting of droplets or penetration. Lower current hardfacing shows less distortion with no solidification cracks due to less heat input. Whereas if the transferred arc current is more than 180 A, heat input supplied to the arc region increases which leads to more deformation and residual stresses and thus giving chance to develop cracks and distortion on the overlaid layers. Thus, appropriate amount of heat supply is necessary to obtain good quality in hardfacing with required bonding between the substrate material and deposited layer. Hence, the acceptable range of transferred arc current for the further investigations is maintained as 100-180 A.
Selection of operating range for travel speed
If the travel speed is less than 100 mm/min, there is an over deposition of powder and higher reinforcement height is observed which leads to increase the weld overlay contact angle. Higher travel speed greater than 180 mm/min reduces the time availability for deposition and thus produces very thin layer with zigzag pattern. Also, less bonding and incomplete penetration of the overlaid surface is observed at travel speed more than 180 mm/ min, which resulted in spatter on the surface of substrate and cut-off type deposition.
Whereas, lower travel speed less than 100 mm/min shows over deposition of powder as well as over melting of substrate surface which results in deeper penetration or maximum dilution and very thick weld bead. Processing of hardfacing with lower travel speed is also not desirable as time required will be more to complete the overlay on required surface. This ultimately increases the heat input supplied to the substrate material, which leads to increased chances of distortion, residual stresses and solidification cracks. Thus, appropriate travel speed is necessary to create the bonding between substrate material and overlaid layer with desired contact angle and metallurgical properties. Lower travel speed basically allows the time for deposition on that instant leading to maximum deposition at instant and thus heat supplied at instance increases. Hence, the acceptable range of travel speed for further investigations where defects are not observed is 100 to 180 mm/min.
Selection of operating range for powder feed rate
If the powder feed rate is lower than 08 gms/min, over melting of base metal and overheating of tungsten electrode is noticed. When the powder feed rate increases above 20 gms/min the width and reinforcement of deposition increases. In addition, at higher powder feed rate the weld bead formation is not smooth owing to incomplete melting of powder supplied at the instance. The bonding between the overlaid layer and substrate also decreases with possibly higher weld overlay contact angle. This is because, the amount of heat energy supplied at that instant is being utilised for melting of powder and forming a molten pool with possibly less melting of substrate material.
It is also observed that, there is variation in deposition parameters with the powder feed rate and it is identified that cross-section area of deposition rises with the increase in powder feed rate and due to this fact the melting of substrate material decreases. Lower powder feed rate and higher current produces spatter and undercut on the surface with uneven layer of deposition. Higher heat supplied per unit length of substrate material leads to generate residual stresses and distortion in the substrate. Whereas, higher powder feed rate reduces the melting of substrate material, which decreases the residual stresses and distortion of the substrate material, but causes less bonding in the deposited layer. In contrast, lower powder feed rate increases the melting of substrate material, which increases the residual stresses and distortion of substrate material with higher bonding in the deposited layer. Hence, the acceptable range of powder feed rate for further investigation is 8 to 20 gms/min.
Selection of operating range for oscillation speed
For torch oscillation speed less than 450 mm/min, the bead appearance and contours are not so smooth and very narrow bead is obtained. When the oscillation speed is greater than 850 mm/min, wider bead width and smaller reinforcement height is observed thereby reducing the weld overlay contact angle. During the investigations, it is observed that during higher torch oscillation frequency the torch covers wider region of substrate material, which results in gradual increase in width of deposition with torch oscillation frequency. As oscillation speed increases, the mean value of width of oscillation of torch also increases. Very thin layer of the deposited surface with spatter and undercuts are observed corresponding to oscillation speed greater than 850 mm/min and lower powder feed rate. This is attributed because at lower powder feed rate and higher oscillation speed, the heat energy supplied at the instance increases.
A very narrow and irregular weld bead and small deposition reinforcement is observed corresponding to the low oscillating speed. The heat energy supplied to the substrate and powder is not governed by oscillation speed thus dilution, heat supplied, deformation of substrate and residual stresses does not depends on the oscillation speed. However, energy concentration at instance depends on the oscillation speed and the chances of surface irregularities, defects and blowholes in the coating are higher at higher oscillation speed than at lower oscillation speed. The weld overlay contact angle does not vary significantly with variation of oscillation speed. Hence, the acceptable range of oscillation speed for further investigation is considered as 450-850 mm/min.
Selection of operating range for stand-off distance
For stand-off distance less than 5 mm, the bead appearance and contours are not so smooth and very narrow bead is obtained. When the stand-off distance is greater than 14 mm, wider bead width and smaller reinforcement height with less melting of substrate material is observed. It is also observed that the percentage melting of substrate decreases as the stand-off distance increases giving less concentration of heat energy supplied by arc at particular point as lateral spread of arc concentration increases with stand-off distance. It is identified that, because of increase in arc length which is function of stand-off distance, the constrictor arc diverge and the heat input supplied to the wider region of substrate material instead of directing on a lesser area. This causes lower reinforcement, wider deposition width and lower penetration possibly with less distortion of substrate material.
Further, with increase in stand-off distance, some amount of voltage rise takes place resulting in more heat input. It is also observed that the deposition width increases very slightly up to the mean level and again start to falls. Layer reinforcement also decreases with the increase in stand-off distance. This is attributed because the change in stand-off distance did not vary the energy supplied to substrate material but the lateral spread of powder depositions increases due to changed diameter of energy density distribution from the plasma arc on the substrate material. Thus, the acceptable range of stand-off distance for further investigation is considered as 6-14 mm.
On basis of the above inferences from trial experiments and literature analysis, important variable process parameters are identified with their acceptable ranges. The considered process parameters in this work are transferred arc current, pose speed corresponding to the travel speed of the welding, powder feed rate, oscillation speed and stand-off distance. Each parameter is having its own importance and plays a significant role during the deposition process. The working limits of the predominant welding parameters that have greater influence on the PTAW overlay process are identified with their working levels as shown in Table 2 .
The employed PTAW machine for experimentation is having considerable range of these parameters so as to provide flexibility for different applications. However, keeping in view the chosen substrate material and powder, the most feasible range of each process parameter is identified through trial experiments and finalized for detail experimentation and analysis purpose. In order to achieve accuracy in the research and experimental work, the chosen range is divided in the five levels that can be pre-set on the machine for experimentation. Table 2 shows the process parameters and working limits at different levels. These different levels of process parameters are used to plan the DOE for actual experimentation.
Design of experiment
DOE is a tool used to develop an experimental strategy that maximizes learning using minimum resources. When the characteristic of a process are influenced by several variables, then effective use of DOE helps to draw reliable and valid conclusions [29] . To develop an empirical relationship between the chosen parameters, the statistical DOE techniques are proficient. The experiments in which the effects of more than one factor on response are investigated are known as full factorial experiments. In a full factorial experiment, both of the (−1) and ( + 1) levels of each parameters are correlated with each other with the effect of each level on the response can be investigated with respect to the levels of other parameters. With the help of full factorial experiments, it is possible to correlate and investigate the effects of all variables simultaneously [30] .
Numerous studies had reported the modelling of bead geometry using DOE methodology for different welding processes focusing on development of mathematical model using RSM. Balasubramanian et al. [5] used central composite rotatable design to investigate the effect of PTAW process parameters on the dilution obtained by performing 32 experiments. The use of full factorial DOE strategies coupled with statistical techniques was rarely applied for enhancement in the overlay quality. This is because, it increases the numbers of experiments and also it is time and resources consuming process. However, keeping in view the accuracy in results and exact interpretation of effects of each process parameters, the full factorial DOE is used for present investigation to plan and explore the interdependence of the each process parameters. To carry out the experimentation, a centre composite full factorial design for five factors and five level is selected, a two-level full factorial central composite design is created as per the levels of processing parameters by using Minitab-17 software and the obtained experimental plan is shown in Table 3 . The created DOE consist of 32 cube points, 10 centre points and 10 axial points and hence to study the entire experimental domain with all variability and capabilities under the influence of chosen range of process parameters considering deposition characteristics, total 52 numbers of experiments need to performed. 
Specimen preparation and experimentation
For the present investigation, a specimen of 120 × 150 mm size is obtained from the 16 mm thick plate of substrate material. To remove the surface oxides or contaminants, the substrate plate is ground with abrasive paper and polished with 600 SiC paper in order to obtain a smooth surface. This helps to keep stable arc conditions by avoiding the current fluctuations during the operation. For enhancing powder adhesion and to improve bonding of overlaid layer, the sample plate is kept for preheating in electrical furnace at a temperature of 200°C before deposition. Subsequently, all the experiments are performed as per the planed DOE by depositing the layers of Stellite grade 6 powder of size 45-125 µ on the substrate specimen 1 G groove position with DCEN electrode. Tungsten electrode size of 4 mm diameter (2% throated tungsten), torch orifice diameter 25 mm, industrially pure argon (99.99%) is used at a constant flow rate of 13-15 L/min for shielding, 3.5-4 L/min for centre, 2-3 L/min for powder feeding and is maintained during the experimentation. The deposits are prepared on the plate up to 100 × 70 mm area by multitrack deposition with nearly 50% overlapping for each specimen so as to get total deposition area for further analysis purpose. The welding joint is G1 as applicable for the overlay operation and the maximum inter pass temperature is maintained up to 250°C during the experiments.
In a first step of the investigation, width of deposition and reinforcement is measured for each single run during each experiment. In order to evaluate the surface characteristics of these overlays as well as to produce clad coupons for studies, surface defects like undercut, spatter, blows and presence of any surface cracks are evaluated and detected by dye penetration test. Multitrack deposition is carried out on all the samples with the parameter setting as per DOE. Figure 2 shows the typical single and multitrack geometry and Figure 3 shows few samples after deposition which gives the overall representation of test sample, deposition area and multitrack approach.
Measurement of width of deposition and reinforcement
The quality of the weld is generally characterised by weld bead geometry, which depends on input process parameters. In actual practice, it is very hard to identify the contribution of each parameter on desired output. To judge the effect of input parameters, the expert welder set the process parameter on trial and error basis however, to produce good and acceptable results, the trial and error approach should be avoided. Hence, an appropriate mathematical model needs to be established, which could predict the output result from given set of desired input parameters or vice versa.
Width of deposition is the lateral width corresponding to the spread of overlay material on the substrate materials and weld bead reinforcement is referred as the height of deposition obtained by overlay material on the substrate material. As per the planned DOE, the multitrack deposition is prepared on the substrate plate during the experiment, the width of deposition and reinforcement for each run is measured with the help of high accuracy level digital Vernier calliper and recorded accordingly. The values of all measured responses corresponding to each run are shown in Table 3 .
For multitrack deposition it is observed that, if the overlap ratio is kept constant for the same set of process parameters, nearly same deposition pattern is obtained. Moreover, the previously tracked overlapping area shows somewhat greater smooth fusion with the current track as compared to only single track. The obtained deposition characteristics, bead contour, appearance for each sample are checked visually and by dye penetration test. Figure 3 shows some samples of multitrack deposition on substrate plate for the reference.
Results and discussions
In the present work, a five-parameter full factorial design technique is used to carry out the experimental investigations. Effects of transferred arc current (TC), welding travel speed (TS), powder feed rate (PF), welding oscillation speed (OC) and stand-off distance (SOD) on weld bead shape parameters comprising of width of deposition (W) and reinforcement (H) is analysed. For this purpose, the measured response of all the corresponding experiments is used to develop regression equations for estimating the bead shape parameters. By plotting the contour and main effect plot of each considered process parameters, their effects are predicted.
Modelling of width of deposition and reinforcement
In the literature it is observed that, the RSM approach is effectively used by researchers to create a model which fits the given response surface in terms of all chosen input parameters. For prediction of result and also to examine the approach of experimentation the RSM is practical, economical and relatively easy to use [29] . RSM consists of an experimental approach for determining the effect of several process parameters on the required responses by means of developing mathematical models. In this work, a second order quadratic model is developed to predict the width of deposition and reinforcement obtained by PTAW overlay of Stellite 6 on SS 316 L. The full quadratic model obtained for width of deposition and reinforcement is represented by eqs. (1) and (2) The developed model is tested by means of analysis of variance (ANOVA) and the Tables 4 and 5 shows the ANOVA results for width of deposition and reinforcement respectively. From the obtained results, it is perceived that both models has very good fit, as P value of lack of fit is less than 0.05 and also the adjusted R 2 of both the model is greater than 99%. On basis of F value shown in Table 4 , it can be perceived that the travel speed is the most influencing process parameter on width of deposition followed by powder feed rate and transferred arc current. The standoff distance shows less effect on the width of deposition but it is significant as compared to oscillation speed. Similarly, from the Table 5 , it can be perceived that the travel speed is the most influencing process parameter on reinforcement followed by powder feed rate and oscillation speed. The transferred arc current shows less effect on the reinforcement compared to width of deposition but it is significant as compared to oscillation speed and stand-off distance.
Effects of process parameters on width of deposition and reinforcement
On the basis of present experimental work and statistical techniques coupled with DOE strategy, the characteristics and properties of overlaid layer deposited by PTAW are investigated. It is observed that, the overlaid layer shows distinct variations with respect to change in between the ranges of process parameters. The effect of process parameters is observed and predicted on the basis of fitted model and also with the help of interaction and main effect plots. Detailed analysis of effects of various parameters is presented separately in the following subsections: 
Model Summary S = 0.0504123; R-sq = 99.94%; R-sq (adj) = 99.90%; R-sq (pred) 99.78% Table 5 : Analysis of variance for reinforcement.
Model Summary S = 0.0460752; R-sq = 99.47%; R-sq (adj) = 99.12%; R-sq (pred) 98.22%
Effects of transferred arc current
The heat energy supplied for producing the arc at constrictor nozzle depends on transferred arc current and prominent effects of heat supplied on deposition characteristics are found in the investigations. With the increase in current, the deposition rate increases leading to complete fusion of the powder supplied at that instant with the substrate surface. As transferred arc current increases from 100 Amp to 180 Amp, the mean value of width of deposition increases, this is attributed to the fact that at the higher current, maximum melting of substrate material took place, which causes wider width of deposition compared to the reinforcement. In addition, complete melting of the powder is observed at higher current and at that instance, the molten powder get deposited on the maximum width. However, the observed reinforcement is less as compared to width of deposition at higher current. Also increase in arc current raises the plasma power as well as the energy density of the plasma beam and lead to lateral spread of substrate surface melting. Consequently, the deposition width increases with the increase in current. The possible reason behind decreasing the reinforcement of the coating is due to increase in percent dilution. This performance is related with greater build-up of material during deposition at lower arc current. Consequently, the lower dilution produced which reduces the melting of substrate material thus, better preserving the characteristics of the overlay alloy in the coating.
By observing the interactions and main effect plots, as shown in Figures 4, 5, 6 and 7, it can be easily predicted that higher powder feed rate, higher current and lower speed shows good width of deposition and reinforcement. It is due to the fact that, at lower travel speed, torch has to attain the same powder at particular instant on substrate material up to larger span of time compared to fast travel of torch the same kind of trends was also observed by Mandal et al. [6] . However, it is also noticed that, at higher current and lower powder feed, heating of tungsten electrode is observed with overheating of substrate materials. The effect of transferred arc current on the width of deposition and reinforcement is shown by main effect plot in Figures 6 and 7 . Thus, for obtaining the defect free coating with appropriate deposition width and reinforcement, the desired value of current should be in the range of 100-120 A. The depositions prepared by these current conditions would show appropriate deposition characteristics with required bonding, minimum dilution and less distortion of substrate material and lower residual stresses.
Effects of travel speed
Travel speed corresponds to relative displacement of material surface per unit time to the torch or arc current. Appropriate travel speed is necessary to create the bonding between substrate material and overlaid layer. During the experimentation it is observed that, at higher travel speed, both the deposition characteristics decreases with travel speed. From the main effects plot as shown in Figures 6 and 7 , it can be observed and predicted that width of deposition and reinforcement decreases with travel speed. This is attributed due to the fact that at lower travel speed, available heat input is focused at less area per unit time of deposition thus maximising the melting rate of substrate material. Consequently, at the higher travel speed, the distance travelled by torch per unit length of substrate material is more focusing more area per unit time of deposition. At higher speed, heat input supplied per unit length of weld bead decreases thus creating lower deposition with less width of deposition and reinforcement.
It is also observed that, as compared to other factors, the most sensitive factor to width of deposition and reinforcement is travel speed and powder feed rate as lateral spreading of molten powder and constrictor arc on substrate plate measures the width of deposition. These two parameters are mostly related to energy available at substrate material to mix up together with the molten powder deposited on the surface. A thicker coating is observed at low travel speeds, as decrease in torch travel speed produces a greater build-up of material in the melt pool leading to substantial increase in overlay thickness. Same kind of trend is observed by Balasubramanian et al. [5] in their investigations of effect of process parameters on dilution and it was observed that at higher travel speed, the dilution decreases due to less melting of substrate material. Figures  4 and 5 shows the interaction plots for both the deposition characteristics and these plots are useful to predict the results at each combination. From the main effect plot as shown in Figures 6 and 7 , the nature of these deposition characteristics can be predicted easily.
Thus, the travel speed shows very prominent effect on the deposition characteristics, very high and very low travel speed is not desirable. Very slow speed produces higher width and reinforcement of deposition however, the heat energy supplied would be higher at slow speed thus time required for completing the overlay increases. To obtain defect free coatings, the travel speed should be in the range of 120-140 mm/min, which would cause less deformation, less residual stresses and higher contact angle of weld overlay.
Effects of powder feed rate
The appropriate amount of powder flow rate plays a vital role in surface characteristics of coatings [31] . From the present investigations, it is found that as the powder feed rate increases, the width of deposition and reinforcement increases. Because, the amount of heat energy supplied at that instant is being utilised for melting of powder and forming a molten pool with possibly less melting of substrate material. This results in less melting of substrate material provided that the current available is sufficient to melt the powder supplied at that instant. It is also observed that, there is variation in deposition parameters with the powder feed rate and it is identified that cross-section area of deposition rises with the increase in powder feed rate and due to this the melting of substrate material decreases. The variation in powder feed rate do not vary the energy supplied per length, but the energy supplied by transferred arc to substrate varies with powder feed rate. As the oscillation width is fixed during the experiment, the increase in powder feed rate causes less variation in width of deposition as compared to reinforcement. From Figures 4 and 5 , it is also seen that width of deposition decreases somewhat as compared to reinforcement after the powder feed rate of 15 gms/min. This is due to the fact that, as at higher powder feed rate the weld pool cushions the effect of arc and prevents deeper penetration resulting in lower melting of substrate material and producing stacking layers of coating leading to increase the reinforcement. Mandal et al. [6] had shown the same trend during the deposition and variation of deposition parameters with the powder feed rate was observed and it was identified that cross-section area of deposition rises with the increase in powder feed rate.
Higher powder feed rate offers larger deposition on the substrate, but it depends on the current availability; less current with higher powder feed rate gives rise to the incomplete melting of powder resulting in irregular weld bead surface. Again, from the main effect plots as shown in Figures 6 and 7 , it can be perceived that width of deposition and reinforcement increases with increase in the powder feed rate. This is attributed due to the fact that as powder feed rate increases, less melting of the substrate plate takes place and molten powder forms a stacking layer on the substrate plate which leads to increase in the reinforcement of deposition.
A spatter and undercut is also observed by dye penetration test on the surface of the deposited area at the end portion of the run where higher arc current and lower powder feed rate is supplied. At lower travel speed and higher powder feed rate, higher deposition reinforcement is observed. This is due the fact that, the time available for deposition is higher at low travel speeds. Thus, for obtaining good deposition characteristics and deposition efficiency complete melting of powder supplied at instant is necessary with proper bonding between substrate and overlay. Lower powder feed rate increases the melting of substrate material and higher powder feed rate shows incomplete melting of powder supplied, hence moderate amount of powder feed rate of the range of 12-14 gms/min shows superior deposition characteristics. 
Effects of torch oscillation speed
The torch oscillation frequency is the oscillation distance covered by torch per unit time or the cycle (oscillation width) per unit time and it is also referred as torch weaving speed. During the investigations it is observed that, at higher torch oscillation frequency, distance moved by the torch over the width of oscillation is faster which gradually increases the width of deposition. Consequently, at higher torch oscillation frequency, reinforcement decreases. As oscillation speed increases, small variation in the width of deposition is observed. In contrast, very thin layer of the deposited surface is observed corresponding to high oscillation speed and lower powder feed rate. At lower travel speed and higher oscillation speed, wider width of deposition is observed with less reinforcement. Thus, for obtaining good deposition width and reinforcement with smooth overlay the oscillation speed should be in the range of 450-550 mm/min. This would produce better deposition characteristics with minimum distortion, less residual stresses and surface defects. This also results in possible refined microstructure and good bonding between overlay and substrate material.
Effects of stand-off distance
It is observed that, the percentage melting of substrate decreases as the stand-off distance increases giving less concentration at particular point as lateral spread of arc concentration increases with stand-off distance. It is identified that, because of increase in arc length, the constrictor arc diverge and the heat input supplied to the wider region of substrate material instead of directing on a lesser area. Further, with increase in stand-off distance, some amount of voltage rise takes place resulting in more heat input. It is also observed that the width of deposition increases very slightly up to the mean level and again start to falls. Layer reinforcement also decreases with the increase in stand-off distance. This is attributed due to the fact that, the change in stand-off distance did not vary the energy supplied to substrate material but the lateral spread of powder depositions increases due to changed diameter of energy density distribution from the plasma arc on the substrate material. In that case, both deposition characteristics manage their self to settle on the substrate material and vice versa. From the Figures 4 and 5 , the interaction effects of other parameters with deposition width and reinforcement can be predicted.
Furthermore, as the stand-off distance decreases, the bead appearance and contours were not so smooth and very narrow bead was obtained. At higher stand-off distance, wider bead width and smaller reinforcement height with less melting of substrate material was observed. It is identified that, because of increase in arc length, the constrictor arc diverge and the heat input supplied to the wider region of substrate material instead of directing on a lesser area. This causes lower reinforcement and wider deposition width. Thus, from current investigation it is perceived that the higher stand-off distance results in spatters and unstable arc causing rough deposition. The desirable stand-off distance is 6-8 mm for obtaining good surface of overlay.
Conclusions
In the present investigation, influence of process parameters on width of deposition and reinforcement is studied. An effort is made to investigate the multitrack overlay deposition on 16 mm thick 316 L plate by CO-Cr alloy (Stellite 6). Samples are produced under different processing conditions, as per full factorial central composite DOE. The width of deposition and reinforcement, which represents the deposition characteristics are measured during experimentation for each run. Effects of transferred arc current, travel speed, powder feed rate, oscillation speed and stand-off distance on width of deposition and reinforcement are presented and discussed based on experimental observations and fitted model. Relationship between the input process parameters with deposition characteristics is presented in the form of regression equation and the same has been validated by performing another experiments.
Considering the service environments of Stellite 6 overlay components like pipes, pressure vessels, turbine components, valves, sleeves and spindles used in the oil, aerospace industry, nuclear power plants, etc., it is important to study the deposition characteristics of the coating produced by PTAW technique. Processing of PTAW with high current leads to distortion of substrate and melting and burning effects. In the context of penetration and dilution, the higher current is not at all desirable. For an effective, smooth and defect free coating proper controlling of process parameters is necessary. From the present investigation, following inferences are drawn.
-Increasing arc current up to 150-160 A the width of deposition increases, later increase in arc current the width of deposition starts narrowing which leads to increase the reinforcement height. -Increasing travel speed both deposition characteristics decreases, whereas at low travel speed the higher deposition width and reinforcement height was observed. -The powder feed rate up to 14 gms/min shows good deposition width with maximum melting of powder supplied, when powder feed rate increases beyond 14 gms/min width of deposition decreases and height of reinforcement increases. would give better deposition characteristics with minimum distortion less residual stresses without any surface cracks and defects with possible refined microstructure and good bonding between overlay and substrate material. -The developed mathematical model will be useful for the prediction of width of deposition and reinforcement as well as to have control on process parameters. As a result, raw material cost and process time would be correspondingly reduced.
